Executive Summary
The Energy Efficient Buildings Hub (EEBHub) uses Sankey diagrams to visually analyze energy use in the building of its headquarters, Building 101 (B101). This report describes B101energy consumption and passive energy exchanges with the surrounding environment and through the building. For this initial Sankey diagram exercise, completed on January 31, 2013, the data/model integration was primarily performed by calibrating the EnergyPlus model to measured energy consumption data. The annual model is used as a starting point, while iterations of the EnergyPlus simulation provide results for January and July to demonstrate how energy use changes throughout the year.
Annually, the Sankey diagram shows energy consumption from electricity and natural gas, as well as the end uses. The heating, cooling, and air handling are the largest sources of energy usage. Interior lighting and equipment are also considerable consumers of electricity.
Seasonally, the trends of energy consumption are visually demonstrated by comparing January and June Sankey diagrams. As expected, winter requires heating via the boiler as the largest energy consumer, while much of the building heat is lost is to the exterior. The summer months have several sources of heat, both exterior and interior, to the building. Cooling is the largest consumer of electricity in July, followed by interior lighting and equipment, and the air handling. From these seasonal diagrams, it is easy to recognize the building's interactions with its environment, and the strain that induces on its energy consumption. These visualizations help identify where equipment modifications (with better efficiencies) can reduce energy consumption.
Introduction
The Energy Efficient Buildings Hub (EEBHub) requested visualization of building energy flows in Sankey format. These diagrams provide a compact representation of quantitative information from multiple sources of data. This work will lay the groundwork for visualizing building energy use within the Greater Philadelphia Region, which is crucial to demonstrating the success of EEBHub.
The Sankey diagrams address several objectives identified by EEBHub -Integrate design, construction, commissioning, and operation of buildings -Integrate energy saving technologies for whole building system solutions at the Navy Yard and elsewhere in the region -Inform, train, and educate people (i.e. policy makers, community, workforce) about proven energy saving strategies and technologies
The outcomes of this project are to -Use the diagrams as a template for retrofits -Identify gaps in data -Recognize large sources of energy consumption -Provide opportunities to deploy energy saving technologies.
This report describes the energy usage and flows through Building 101 (B101). The starting point of this project was a qualitative Sankey diagram based on hypothetical flows of energy through the building. These flows included passive energy fluxes (transfers of energy through the building envelope to and from the surrounding environment) and active use of energy in typical systems such as HVAC and lighting.
Building 101 is highly instrumented with respect to its active energy systems, and both electrical and natural gas energy consumption can be measured quite accurately for many of the buildings subsystems. However, the passive energy fluxes cannot be measured directly. Some instrumentation that measures the indicators required to calculate those fluxes has been installed (inside/outside temperatures, incident radiation, wind speed, etc.). But the instrumentation is not extensive enough to fully render the energy exchange between the inside and outside of the building.
Therefore, generating data for the B101 Sankey diagrams requires an integration of modeling outputs, sensor data, and references of building energy exchange, including:
1) Electricity and natural gas utility data 2) Energy Plus simulation output (version 1009), provided by Ke Xi a. Using sensor data as calibration 3) Building and monitored live data (provided by Scott Wagner) a. mainly in EEBHub, located in north end of the 2 nd floor of B101
The quantitative Sankey flows changed as our understanding of B101 evolved. New information and data from modelers and collaborators allowed for an iterative refinement of the Sankey diagram. Modifications to the initial EnergyPlus model provided detailed data to include two monthly Sankey diagrams; one in July to depict summer energy flow, and one in January to show winter energy flows.
Every effort was made to consolidate all of the analysis required to fully render the B101 Sankey diagram into the Energy Plus model. Where further analysis was required, we chose to use simple approximations (detailed in Appendix B), rather than physics-based models. While these approximations may introduce some inaccuracy in the values reported on the Sankey diagram, they are designed to be replaced by updates to the Energy Plus model, and are not "buried" in additional models and spreadsheets. Work is ongoing to generate reports from EnergyPlus with the additional information required to replace these assumptions.
EEBHub Building 101 Sankey Diagrams
Sankey diagrams depict energy usage and exchange between building components. Some details were not specifically defined in the output, and are listed below as estimated parameters and calculated flows. 
Conclusions
Rendering the energy flow through B101 as a Sankey diagram has been a useful exercise for the EEBHub team. Nowhere else in the voluminous quantity of data and model outputs have the engineered and environmental fluxes of energy through the Hub space been consolidated into a single visual reference.
The full-year diagram contains the most important energy statistics for the building: annual electricity and natural gas consumption, as well as energy consumption for most of the building's critical functions (heating, air conditioning, lighting, hot water, etc.). However, this diagram does not assist the Hub in evaluating the building's performance. Because it is an annual diagram, it "appears" that heating energy is offset by cooling effort, whereas in reality, these two energy transfers happen asynchronously.
From the full-year diagram, it is clear that heating, air handling, lighting and air conditioning are the building's largest uses of energy, with interior equipment (office equipment and other miscellaneous plug load) also contributing heavily. While some other systems may not be optimally performing, it is clear where upgrades or retrofits could make the largest difference.
The two seasonal diagrams (January, June) give the reader a much better view into B101's energy performance. In winter, much of the thermal load is lost to the exterior through heat losses to the walls, windows and infiltration. The largest source of energy consumption is natural gas that provides a large amount of heating to the building. In summer, the boilers are turned off as is reflected in the Sankey diagram. Heating to the building is reflected in contributions from several sources: the exterior environment (i.e. solar) providing heat, and interior components give off heat (lights, equipment). The largest energy loss from the building is due to the cooling.
From these seasonal diagrams, it is easy to recognize the building's interactions with its environment, and the strain that induces on its energy consumption. It is also evident that in the summer months, non-environmental heat gain (equipment, lighting, etc.) is a significant, but not dominating contributor to the air conditioning load. More efficient equipment would have the double-bonus of both reducing energy consumption directly as well as diminishing cooling energy consumption.
Future work may include re-rendering this energy flow diagram as a part of a "live" building energy display based on real-time metered energy data and a reduced-order model of environmental fluxes of energy. The total natural gas and electricity simulated data is used as a starting point to generate the Sankey diagram. Most of the natural gas flow goes toward heating through the boiler with some residual to parasitic losses. The electricity use is spread across heating, cooling, lighting, interior equipment, and other HVAC components. figure A1 and figure A2 below. Water Heater: The fraction of solar reaching the windows and solar reaching the building exterior and is assumed to be proportional to the window-to-wall ratio (Table A11) . Although there is some solar tracking and metered data on some B101 surfaces, none of that data was used in our analysis (other than what is embedded in the EnergyPlus model). The opaque surface conduction was used to estimate the solar flow to the exterior surfaces and windows.
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Convection & conduction:
Convection was not a source of external heat transfer in the EnergyPlus output, and was not explicitly extracted. It was still included in the Sankey diagram with the understanding that there is some contribution of heat transfer as convection through the windows and exterior surfaces to the building envelope. As mentioned in the introduction, efforts to limit physics based analysis required other assumptions to be made. Thus, rough approximations were used to estimate the heat gain "split" between solar and convection/conduction to the exterior surfaces and windows. The ASHRAE fundamentals handbook gives a table of recommended radiative/convective splits for internal heat gains and is copied below in Figure B1 . We estimate that 46% of solar energy and 54% of convection/conduction contributes to the total exterior surfaces energy. For a SHCG > 0.5, we assume that 33% of solar energy and 67% of convection/conduction contributes to the total window energy. We understand that there are better methods to calculate convection and radiation impinging on external surfaces. This method was used to avoid analysis that can be eventually output by the EnergyPlus model. Convection is also assumed to be the main conveyor of heat through infiltration, and as air supply to the AHU. Air flow supplied to the AHU & mechanical ventilation is assumed to be proportional to a 10% fraction of outside air supply.
Windows to Interior Lighting:
The EnergyPlus model does not account for daylighting, or the use of natural light. Published solar radiation data for Philadelphia (Table A12 ) are used to estimate average transmitted solar radiation for an unshaded single-strength clear double glazing window with glass thickness 0.125 in.
The transmitted solar radiation enters a living space, and accounts for radiation and absorption. The EnergyPlus shading summary report outputs yearly average sunlit fraction across simulated windows, which corresponds to how much of the windows are sunlit. Annually, the average sunlit fraction is ~0.384. The assumed energy flow for windows to interior lighting is: Windows → Interior Lighting = Fenestration Heat Gain:
The total fenestration heat gain depends on radiation exchange, conductive and convective heat gains. A simplified calculation of energy flow through fenestration, assuming all radiating surfaces are the same as the exterior air temperature, is:
Where: U = U-factor, Btu/hr-ft 2 -F B101 has three AHUs that supply cooling/heating/ventilation to different sections of the building. The AHUs draw in fresh air, and use heating and cooling coils. A supply fan helps cycle air from outside, through the AHU, and into the various zones through a VAV terminal. The VAV terminals have a reheat coil and dampers to control zone temperature. Three exhaust fans not tied to the HVAC system blows air out of the attic to balance the building. As described in Table A9 , ~ 47% of the total fresh air intake is exhausted from the building after conditioning. Based on sensor data from EEBHub, the majority of the remaining fresh air intake is likely exiting the building shell via exfiltration. The flow of the AHU split to the thermal environment and exhaust is representative of this air flows percentage.
Water Heater (WH):
The assumptions for the water heater energy use flows are below where E WH is the water heater energy usage, EF is the Energy Factor, and RE is the Recovery Efficiency.
For October 2012, of the NG consumed by the two DWHs, ~ 37.6% went into creating hot water, 31% was lost to the building via the recirculation loop, and the remaining 31.4% was lost as standby and flue loss.
DHW Pumps:
The domestic hot water pumps are assumed to convert their energy to the building thermal envelope building. A DHW recirculation pump is currently broken, has a heat loss possibly from a thermal siphon effect, and is assumed that most of this heat is lost to the building. [email: S.Wagner].
Boiler:
The boiler is used only part of the year, turned off in the summer time. 83% of the natural gas is converted into usable BTUs (design efficiency)
Interior Equipment: Interior Equipment is assumed to convert their energy to the building thermal envelope. While many loads in EEBHub are monitored, the data is used to calibrate the EnergyPlus model. This includes appliances, loads plugged into receptacles, and small fraction of lighting Exterior Lighting: Exterior lighting is assumed not to contribute to the building thermal envelope.
Appendix C: Acronyms and Definitions
Acronyms
AHU Air Handling Unit B101 Building 101 EER Energy Efficiency Ratio EF Energy Factor IEER Integrated Energy Efficiency Ratio NG Natural Gas RE Recovery Efficiency SEER Seasonal Energy Efficiency Ratio SHGC Sensible Heat Gain Coefficient VT Visible Transmittance
Definitions
Nominal Thermal Efficiency: This required numeric field contains the heating efficiency (as a fraction between 0 and 1) of the boiler's burner. This is the efficiency relative to the higher heating value (HHV) of fuel at a part load ratio of 1.0 and the temperature entered for the Design Boiler Water Outlet Temp. Manufacturers typically specify the efficiency of a boiler using the higher heating value of the fuel. For the rare occurrences when a manufacturers (or particular data set) thermal efficiency is based on the lower heating value (LHV) of the fuel, multiply the thermal efficiency by the lower-to-higher heating value ratio. For example, assume a fuel's lower and higher heating values are approximately 45,450 and 50,000 kJ/kg, respectively. For a manufacturers thermal efficiency rating of 0.90 (based on the LHV), the nominal thermal efficiency entered here is 0.82 (i.e. 0.9 multiplied by 45,450/50,000).
Seasonal Energy Efficiency Ratio (SEER):
The SEER rating of a unit is the cooling output during a typical cooling-season divided by the total electric energy input during the same period. The higher the unit's SEER rating the more energy efficient it is. In the United States, SEER is computed by measuring cooling in British thermal unit (BTU) and energy consumed in watt-hours, so the resulting number is measured in units of 0.29307107. Thus, a US SEER of 14 BTU/W-h corresponds to an efficiency ratio of only 4.1. The rest of this article talks about SEER in the United States.
Energy Efficiency Ratio (EER):
EER is a measure of efficiency in the cooling mode that represents the ratio of total cooling capacity (Btu/hour) to electrical energy input (Watts). of a particular cooling device is the ratio of output cooling (in Btu/hr) to input electrical power (in watts) at a given operating point. EER is generally calculated using a 95F outside temp and an inside (actually return air) temp of 80F and 50% relative humidity; Usually used as the full-load or peak rating
Integrated Energy Efficiency Ratio (IEER):
IEER is a weighted average of the unit's efficiency at four load points -100%, 75%, 50% and 25% of full cooling capacity IEER = (0.020 * A) + (0.617 * B) + (0.238 * C) + (0.125 * D) Where: A = EER at 100% net capacity at AHRI standard rating conditions B = EER at 75% net capacity and reduced ambient (81.5°F for air-cooled) C = EER at 50% net capacity and reduced ambient (68°F for air-cooled) D = EER at 25% net capacity and reduced ambient (65°F for air-cooled)
[http://www.cee1.org/cee/mtg/06-10mtg/files/ComHVAC_ICF_Odell.pdf ]
Infiltration:
The inadvertent flow of air into a building through breaks in the exterior surfaces of the building. It can occur through joints and cracks around window and skylight frames, sash, and glazings.
Solar heat gain coefficient (SHGC):
The fraction of solar radiation admitted through a window or skylight, both directly transmitted, and absorbed and subsequently released inward. The Solar Heat Gain Coefficient has replaced the Shading Coefficient as the standard indicator of a window's shading ability.
It is expressed as a number without units between 0 and 1. A window with a lower Solar Heat Gain Coefficient transmits less solar heat, and provides better shading.
[http://windows.lbl.gov/pub/selectingwindows/window.pdf]
U-Factor (U-Value):
A measure of the rate of heat flow through a material or assembly. It is expressed in units of Btu/hr-ft2-°F or W/m2-°C. Window manufacturers and engineers commonly use the U-factor to describe the rate of non-solar heat loss or gain through a window or skylight. Lower window U-factors have greater resistance to heat flow and better insulating value. 
